The cell-associated dextransucrase produced by sucrose-grown 
The cariogenicity of strains of Streptococcus mutans may be related to their ability to form insoluble dextrans from sucrose and their propensity to aggregate in the presence of the insoluble dextrans to form highly adhesive plaque deposits at the tooth surface (4) (5) (6) (7) (8) . The possession of a cell-associated dextransucrase which synthesizes large amounts of insoluble dextran is recognized as a major factor contributing to the formation of plaque and the cariogenicity of S. mutans (4, 8) . Studies of dextransucrase have largely been concerned with the properties of the soluble enzyme present in the supernatant fluids of cultures supplemented with glucose, and little attention has been devoted to the insoluble form of enzyme, which is predominant in sucrose-supplemented cultures. Several soluble dextransucrase fractions with different isoelectric points, Michaelis constants, and pH optima have been separated from the cell-free culture media of one strain of S. mutans. The separated activities synthesized insoluble dextrans that differed in their physical appearance, and it was suggested that soluble dextransucrase activity is a composite of several distinct enzymes and that the multiple forms of dextransucrase contribute to the complex structure of insoluble dextrans elaborated by S. mutans in plaque material (9) . These soluble enzymes, as well as the cell-associated enzyme of glucose-grown cells, were immunologically identical, indicating that they represented forms of the same enzyme. Other workers reported that the dextrans synthesized by soluble and cell-associated enzymes differed widely in their susceptibility to dextranase (18) , thus adding to the general evidence suggesting the production of multiple forms of dextransucrase by S. mutans.
The origin of the cell-associated enzyme of sucrose-grown cells has not been determined, nor has the role of soluble enzyme in the formation of cell-associated enzyme been investigated. Although, as discussed above, the soluble and cell-associated activities may comprise complex mixtures of multiple forms of dextransucrase, for simplicity each activity is referred to in this paper as if it were a single enzyme. 40 mg of sucrose). Sucrose solutions were passed through a dialysis membrane to remove high-molecular-weight contaminants such as dextran. The same ratio of components was maintained in reaction mixtures of larger volume. Reaction mixtures were incubated at 37 C, and the radioactivity incorporated into alcoholinsoluble polysaccharides was determined by spotting samples (50 Mliters) on filter paper squares, washing the papers in 66% ethanol, and measuring the retained radioactivity as described elsewhere (10, 18) . A unit of dextransucrase or levansucrase is arbitrarily defined as that amount of enzyme that incorporates 1 smol of glucose or fructose, respectively, from sucrose into polysaccharide per min at pH 6.8 and 37 C. Dextransucrase activities in Table 1 were determined from the amount of fructose released in the assay digests. Fructose arising from dextransucrase action was routinely calculated as the difference between total reducing sugars (fructose and glucose) and twice the glucose released in the digest, thus correcting for invertase activity. Total reducing sugars were measured by using a modified Nelson procedure (16) , and glucose was determined by a modified method using glucose oxidase (12) . Protein was determined in whole cells and in enzyme solutions by a modified biuret method (11) .
Preparation of soluble dextransucrase. Soluble dextransucrase was precipitated with ammonium sulfate at room temperature (22 C) from the cell-free media of 1% glucose cultures incubated at 37 C. 13 ,000 x g for 20 min at 22 C, and the supernatant solutions were decanted, pooled, and brought to 30% saturation with crystalline ammonium sulfate. After centrifugation at 13,000 x g for 20 min at 22 C, the supernatant fluid was adjusted to 40% saturation with ammonium sulfate and centrifuged again. The resulting precipitate was dissolved in 5 ml of buffer and stored under toluene at 2 C. Enzyme solutions were used within 4 days. Over 90% of the soluble dextransucrase activity detected in the culture supernatant fluids was precipitated at 30 to 40% ammonium sulfate saturation.
Preparation of cell-free insoluble dextran. The soluble enzyme preparation described above was used to synthesize insoluble dextran in 5-ml reaction mixtures, prepared as described above but using unlabeled sucrose. Reaction mixtures were incubated for 16 h at 37 C with a drop of toluene added to each mixture to inhibit bacterial growth. After incubation the reaction mixtures were heated for 30 min at 100 C to destroy enzyme activity. The accumulated insoluble dextran was washed several times with 50 mM phosphate buffer, pH 6.8, resuspended in buffer, and stored with added toluene at 2 C.
Preparation of heat-killed cells. Samples of washed sucrose-and glucose-grown cell suspensions were heated at 100 C for 30 min to destroy dextransucrase activity. After heating they were washed and stored as described above for cell-free insoluble dextran.
Studies of dextransucrase production during cell growth. Sterile medium (600 ml) supplemented with either sucrose (0.5%) or glucose (1%) was chilled and then inoculated (10%, by volume) from a stationaryphase culture supplemented with the same sugar.
Samples (20 ml) were dispensed into culture tubes (25 by 100 mm; Kimax serial no. 45066) and incubated under 95% N2-5% CO2 at 37 C for periods ranging from 3 to 24 h. Two culture samples were removed at intervals and assayed for cell growth (turbidity), cell protein (11) in 10-or 20-ml samples, pH, and dextransucrase activity (Fig. 4) (Table 2) . However, about 86% of the whole culture activity was recovered in washed cell suspensions from sucrose-supplemented cultures, whereas only 7% of the whole culture activity was recovered in washed cell suspensions from glucose-supplemented cultures, the remaining activity being soluble after centrifugation of cultures at 13,000 x g. Soluble dextransucrase lost activity rapidly during storage of culture supernatant fluids, but cellassociated enzymes remained active for several days in washed cell suspensions.
Low levels of levansucrase were found in washed preparations of cells grown in either sucrose or glucose (Table 2) . Although a soluble levansucrase was not detected in the culture supernatant fluids, in ammonium sulfate preparations it contributed about 2% of the total polysaccharide-synthesizing activity.
Dextran synthesis by washed cells. After sonic disruption of washed cell suspensions, 2.5% of the total polysaccharide-synthesizing activity of sucrose-grown cells and none of the activity of glucose-grown cells were present in cell-free extracts. When sucrose-grown cells were incubated with 5 mM sodium arsenate or 5 mM sodium fluoride, the incorporation of glucose from sucrose into alcohol-insoluble polysaccharides was not affected, indicating that the intracellular metabolism does not contribute significantly to the incorporation of glucose.
In the absence of clinical dextran (mol wt 60,000-90,000), all polysaccharides synthesized from purified sucrose by washed cells were insoluble and the rates of synthesis declined ( Fig. 1 ). Glucose-grown cells ceased polysaccharide synthesis after 60 min of incubation, but synthesis persisted for several hours in preparations of washed sucrose-grown cells. Levan synthesis, indicated by the incorporation of 3H-fructose, accounted for less than 15% of the total polysaccharide synthesized by sucrose-grown cells and ceased within 60 min.
Tests for possible inhibitors of dextran synthesis from sucrose revealed that glucose and (13) . ND, Not determined. The presence of insoluble dextran had no effect on the rate of dextran synthesis by soluble enzyme. It was noted, however, that a large portion of the soluble enzyme bound strongly to the cell-free insoluble dextran. To determine whether cell-associated insoluble dextran would also bind soluble enzyme, samples of heat-killed sucrose and glucose-grown cells were incubated with soluble enzyme at levels of activity approximating those determined for the cells before heat treatment. After incubation without sucrose at 37 C for 30 min, the enzyme activity was assayed in the 37,000 x g supernatant fluids of incubation mixtures and in suspensions of the washed cells. Over 70% of the enzyme activity was associated with the sucrose-grown cells, indicating that it was bound to the insoluble dextran component of the cell capsule, whereas no enzyme activity was associated with the glucose-grown cells (Table 5 ). The enzyme also did not associate Heat-killed sucrose cells 5 12 Heat-killed glucose cells 14 0 aIncubations were conducted in the absence of sucrose. After incubation the various mixtures were centrifuged at 37,000 x g. Soluble enzyme activity was determined in the supernatant solutions, and insoluble activity was determined in resuspended washed cells. bIncubated for 30 min at 37 C.
with Sephadex G25, a highly cross-linked dextran. The effect of an accumulation of insoluble dextran during active synthesis by the soluble enzyme was therefore investigated with respect to the solubility of the enzyme. When soluble enzyme was incubated with 0.8% sucrose at 37 C, the enzyme activity was progressively bound to the insoluble dextran as the reaction proceeded (Table 6 ). After synthesis for 1 h, 50% of the enzyme was bound to insoluble dextran, whereas after synthesis for 2 h all of the enzyme was bound to insoluble dextran. The enzyme-insoluble dextran complexes were recovered by centrifugation, washed in buffer, and treated with clinical dextran to determine the amount of reversibly bound dextransucrase in each complex. About 80% of the enzyme was reversibly bound in the complex obtained after 1 h, whereas none of the enzyme in the 2-h complex was reversibly bound.
The progressive conversion of soluble enzyme first to reversibly bound and then to irreversibly bound enzyme during the synthesis of insoluble dextran indicated that the two insoluble forms of dextransucrase represented two stages in the inactivation of soluble dextransucrase. When the enzyme-insoluble dextran complex formed after 1 h of incubation was recovered by centrifugation, washed in buffer, and incubated again with sucrose, in the presence or absence of clinical dextran, the progress curves of the reactions were very similar to the corresponding curves seen for the cell-associated enzyme preparations in Fig. 2 . That is, dextran synthesis was of short duration in the absence of the added clinical dextran and was accompanied by loss of enzyme activity, whereas, in the presence of the soluble clinical dextran, the synthesis was sustained over a longer period.
The similarities of the enzyme-insoluble dextran complex and the cell-associated enzyme suggest that the synthesis of insoluble dextran by sucrose-grown cells also should result in a conversion of the reversibly bound enzyme to the irreversibly bound form. Ideally, prolonged dextran synthesis should result in a stage at which only irreversibly bound enzyme is present, as was observed in the experiments with soluble enzyme. Although this stage was not attained in experiments with sucrose-grown cells, the results obtained indicated that the synthesis of insoluble dextran led to a more rapid decrease of reversibly bound activity than of irreversibly bound activity, a result strongly suggesting that reversibly bound enzyme was converted to the irreversibly bound form (Table   7) . a Sucrose-grown cells were incubated with 0.8% sucrose at pH 6.8, or in buffer alone, for 4 h at 37 C, washed three times, and resuspended in buffer, and the levels of total enzyme and reversibly bound enzyme were determined. Irreversibly bound enzyme was calculated as the difference between total and reversibly bound activity.
b Figures in parentheses indicate activity lost due to dextran synthesis.
Dextransucrase activity during cell growth. Since cell growth has been reported to be restricted in sucrose-supplemented cultures (19) , it was possible that enzyme production would also be affected by sucrose as a result of slower cell growth. In addition, the observation that insoluble dextran synthesis leads to inactivation of dextransucrase suggested that considerable amounts of the enzyme might be inactivated in sucrose-supplemented cultures, especially after cell growth ceased. Accordingly, we examined the course of dextransucrase activity in cultures supplemented with glucose or sucrose.
As expected (19) , cell growth, indicated by increased turbidity, was exponential in glucosesupplemented cultures (Fig. 4A) . Growth in sucrose-supplemented cultures was also exponential, and the rate of growth was similar to that in glucose-supplemented cultures (Fig.  4B) . Growth ceased in both media at about 10 h, probably as a result of lowered pH (20) . As shown in Fig. 4 , dextransucrase activity and cell protein also increased exponentially in both media (the enzyme after a delay of at least 3 h in sucrose-supplemented cultures). An unexplained, but reproducible, decrease of dextransucrase activity was observed in glucose-supplemented cultures between 8 and 10 h. Enzyme activity in cultures supplemented with 0.5% sucrose reached maximal levels at 11 h. There was little or no loss of activity after 12 h in cultures supplemented with 1% glucose or 0.5% sucrose.
If, as suggested by in vitro results, the enzymes were inactivated by the accumulation of insoluble dextran in sucrose-supplemented cultures, conditions favoring increased insoluble dextran synthesis should result in lower levels of enzyme activity. Accordingly, cells were cultured in media supplemented with 0.5, 2, and 5% sucrose, and cell growth, pH, cell protein, and insoluble dextransucrase activities were determined after anaerobic growth for 6, 8, and 24 h. Increased sucrose concentrations had no significant effect on culture pH or cell growth as monitored by turbidity, but resulted in lower levels of dextransucrase activity after 24 h (Table 8 ). An increased synthesis of insoluble dextran was also evident. A striking loss of more than 70% of enzyme activity occurred between 8 and 24 h in the 2 and 5% sucrose media, greatly exceeding the decline of activity observed in 1% glucose medium (Fig. 4A) , but no loss occurred in 0.5% sucrose medium.
DISCUSSION
Dextransucrase appears to be constitutive in several streptococci, including S. mutans, since it is present in cultures supplemented with sugars other than sucrose (1, 3, 8, 9) . Although our results are not at variance with this, the yield of enzyme from sucrose cultures is shown to be influenced by the concentration of sucrose in the culture. Thus, in concentrations of 1% glucose or 0.5% sucrose, only small decreases of enzyme activity occurred after cessation of cell growth (Fig. 4) , whereas, in higher sucrose concentrations, almost complete loss of activity occurred after cessation of growth (Table 8) . We conclude that lower enzyme yields in the presence of increased sucrose concentrations do not reflect a decreased enzyme production but, rather, the extensive inactivation of the enzyme that results from a higher rate of accumulation of insoluble dextran during cell growth and, more important, from the continued accumulation of insoluble dextran after cell growth has ceased.
The results described here suggest that the series of events leading to the formation of cell-associated dextransucrase and its eventual inactivation in sucrose-supplemented cultures is as follows. Throughout growth, cells continu- Table 7 ). The physical entrapment of the irreversibly bound enzyme is indicated by the failure of this fraction to synthesize any soluble dextran even in the presence of added clinical dextran, the total synthesis being restricted to the formation of insoluble dextran ( Table 4) .
The different stages of dextran synthesis thus account for the presence of soluble dextransucrase and the two forms of the cell-associated enzyme in sucrose cultures. In the presence of excess sucrose, continued synthesis of dextran by the irreversibly bound, but still active, enzyme then results in increasing steric inhibition of enzymic action by encroachment of the dextran matrix until, in the extreme case, no further synthesis may take place because of the circumscribed environment of the enzyme. Although this inactivation proceeds continuously, a net decline in the total dextransucrase in the culture will not be observed, provided that cell growth and the de novo synthesis of dextransucrase are maintained. However, after growth and enzyme synthesis have ceased, the continuation of dextran synthesis by dextranbound enzyme will result in the inactivation of a fraction of the irreversbily bound enzyme and the conversion of some of the reversibly bound enzyme into the irreversibly bound form (Table  7) . Hence, in cultures containing large amounts of sucrose, when cell growth and enzyme production cease, there will be a continuing synthesis of insoluble dextran with a corresponding decline in the level of dextransucrase activity (Table 8) .
Since the solubility and activity of dextransucrase are dependent on the extent of synthesis of insoluble dextran, a comparison of results obtained by using different growth conditions may be of limited value. However, it may be significant that the ratios of soluble to cell-associated dextransucrase shown in Table 1 1.1, 1.8, 29 , and 8, respectively) are generally in good agreement with the ratios of soluble to insoluble dextran synthesized by these strains in cultures containing 2% sucrose (1.5, 2.1, 5, and 7.6, respectively; 17). One possibility is that variations in the composition of the mixtures of dextransucrases produced by S. mutans (9) may be responsible for the synthesis of different proportions of soluble and insoluble dextrans by various strains of the organism (17) . Thus, the apparent good agreement noted above between the ratios of soluble and cell-associated enzyme and the ratios of soluble and insoluble dextran may be simply explained by the relative amounts of total enzyme activity that are associated with the two dextran fractions produced by each strain of S. mutans. This finds support in our observation that, when the 0.5% sucrose medium used for growth of S. mutans K1-R was supplemented with clinical dextran (4 mg/ml), the total amount of enzyme produced by the organism was unchanged but the soluble enzyme component increased from 14% (see Table  2 ) to 40% (data not shown). It is apparent from Table 6 that, in the absence of clinical dextran, the soluble dextransucrase fraction isolated from glucose-supplemented cultures of S. mutans K1-R is completely converted during dextran synthesis into an enzyme-insoluble dextran complex. Thus, although multiple forms of enzyme may be produced by strain K1-R, it would seem that enzyme forms which synthesize insoluble dextran are predominant and that all the forms present are capable of associating with the insoluble dextran produced. This may not be the case for all the enzymes produced by strains of S. mutans that are capable of producing soluble dextran.
Stimulation of the rate of dextran synthesis by soluble dextran has been reported for a purified dextransucrase preparation from Streptococcus sanguis (2, 14) . Although our results also suggest a stimulation of dextran synthesis by soluble (clinical) dextran (Fig. 2, 3 ; Table 3 ), the absence of data on initial rates precludes this assumption. Both the cellassociated and soluble form of dextransucrase synthesize insoluble dextran from sucrose in the absence of clinical dextran, but a large fraction of soluble dextran is synthesized in its presence. Clinical dextran apparently serves as a primer (or acceptor) for dextran synthesis, since it is considerably modified to produce a soluble dextran with a higher molecular weight and more extensive branching than the original clinical dextran (McCabe and Smith, manuscript in preparation). In serving its primer function, clinical dextran not only delays the inactivation of dextransucrase by retarding the accumulation of insoluble dextran, but also solubilizes the reversibly bound enzyme. Since preformed insoluble "4C-dextran is not solubilized by clinical dextran, solubilization of the reversibly bound enzyme must be responsible for the subsequent synthesis of soluble dextran, with clinical dextran serving as a primer in the reaction.
As suggested earlier (McCabe and Smith, Fed. Proc., p. 438, 1972), the insoluble dextransucrase of S. mutans grown in sucrose is not cell associated in a strict sense. Rather, it is bound to insoluble dextrans in the cell capsule and to noncellular insoluble dextrans (see 15 also). In plaque, then, the enzyme would be likely to occur in the dextran matrix as well as in cell capsules. The observed loss of dextransucrase activity during the synthesis of insoluble dextran ( Fig. 1) suggests that much of the enzyme in the matrix of dental plaque and in cell capsules will be inactive, with active enzyme perhaps found only on or near the surface of the plaque. In the absence of cell growth, one would expect this enzyme to gradually lose activity as insoluble dextran accumulates.
Other workers have also demonstrated that low-molecular-weight dextran prevented (or retarded) the in vitro synthesis of the insoluble dextran by S. mutans dextransucrase (7, 8) . This effect, attributed to low-molecular-weight dextran functioning as an acceptor and referred to as a competitive inhibition of the synthesis of insoluble dextran, apparently contributed to the decrease of caries incidence in hamsters infected with S. mutans 6715 and maintained on sucrose diets containing low-molecularweight dextran. The decrease in caries probably resulted from a solubilization of the reversibly bound fraction of the enzyme, thus decreasing the rate of formation of plaque. Since the low-molecular-weight dextran and not affect the irreversibly bound fraction of the enzyme, complete inhibition of plaque formation would be unlikely.
The small fraction of the total dextransucrase that was associated with glucose-grown S. mutans K1-R cells (Table 2) could not be solubilized with clinical dextran. Although this activity may represent a unique form of cellbound insoluble dextransucrase, it is more likely that it represents enzyme not yet fully extruded from the cell, or enzyme bound to specific sites on the cell wall. Otherwise, as suggested by Guggenheim and Newbrun (9) , it is probably identical to the soluble enzyme.
